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FOREWORD

This report reviews the corrosion-related properties of magnesium,
magnesium alloys, and magnesium based composites. It attempts to place in
perspective the corrosion behavior/limitations of these materials in,

S

environments likely to be experienced, by naval systems,, Too often, past uses of.
magnesium based materials have been made with little appreciation of the role of
impurities, fabrication methods, proper i~nstallation procedures, or physical
limitations. 'This has led to some unwarranted past corrosion failures in
marine related structural uses. Therefore, a current reluctance exists ':0
consider new developments for expanded applications' of these materials. The
prospects of magnesium based composites reinforce:-. with graphits and other
fiber~s are discussed.

This report is essentially a fresh, though quite cursory, look at
magnesium/magnesium based materials for naval systems in light of modern
developments in fabrication and corrosion protection methods.
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CHAPTER 1

INTRODUCTION

Modern materials requirements for diverse naval marine and aerospace
systems will require new ciasses of special structural materials. In some
cases, conventional superalloys, stainless steels, or titanium alloys can meet
the requirements. However, shortages and political considerations regarding
critical elements may make their eventual replacement necessary. In other
cases, particularly in air and space borne systems, new lightweight,
high strength materials must be developed.

The primary purpose of this report is to review the more recent literature
on corrosion protection of magnesium based alloys and composites, Particular
goals will include: (1) the deduction of reasonable impurity limits for the
starting magnesium base metal subsequently to be used in alloy or composite,
(2) review of important traditional protection methods, and (3) potential
application of new or novel techniques. In addition to the more common

situation of marine environments, special consideration is given to the
application of magnesium based materials to space structures.

MOTIVATION

Prior to the discussion of magnesium corrosion properties and protection

methods, it is appropriate to develop a motivation for the effort. The example
of magnesium based composites for space systems should 'serve this purpose.
Figure I illustrates same critical satellite components which are candidates for
the new structural materials. Up to this time, the workhorse materials for such
components have been-aluminum alloys and epoxy based fiber composites.
Lightweight materials with stiffness and strength higher than those currently

* available would be desirable for some, applications but essential for others.
Weight reduction is only part of the story.

Replacements for aluminum components (p a 2.7 g/cc) must possess
measurably better physical properties and comparable workability. Beryllium
(p - 1.85 g/cc) was determined to be the only pure element with specific'
stistiffness and light weight sufficient for these advanced satellite components.
However, complete dedicated special fabrication facilities are required for
working with Beryllium because of its extreme toxicity it. handling and
machining. The next feasible candidate is magnesium (P - 1.74 g/cc). Since

h
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there exists a reasonable bo:y of previous research and experience with this
metal, it emerges as a logical choice. In fact, magnesium has been identified
by the GAO as the only truly domestic light structural metal.

A magnesium based material suitable for the satellite system components
shown in Figure 1 will require reinforcement. Figure 2 compares the properties
of specific stiffness and resistance to thermal deformation of various
fiber/magnesium reinforced composites with other candidate materials. Due to
their low density, high strength, and stability, graphite fibers are the
reinforcements of choice for these composites. The' outstanding combination of
specific stiffness and thermal deformation resistance of these composites is
unequalled., Quick damping of relative motion of satellite members after a
maneuver requires high specific stiffness. Resistance to dimensional
distortions in orbit due to thermal cycling requires a vezy low coefficient of
thermal expansion (CTE). Certain Gr/Mg composites have a near zero CTE. Other
advantages include: excellent thermal conductivity, geid electrical conductivity
(EMI shielding), minimal space charging, no moisture absorption, no outgas
by-products', and high temperature capab lity. 1 'This combination of advantages
leaves little doubt why considerable eftorts have been devoted to improving
fabrication and overcoming the remaining shortcomings of this material.

Having cited this potential use of a high tech magnesium based material, it
should be noted that Navy requirements for lightweight, strong substitute metals
do not end here. It will be one goal of this report to investigate the
applicability of magnesium based alloys (and composites) to the spectrum of Navy
needs. In point of fact, the use of magnesium has been largely avoided in
kUarine systems. We want to investigate the basis for this and whether recent
developments might warrant a change in this policy. 'We begin by examining the
corrosion proper ies of the magnesium surface.

3
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CHAPTER 2

CORROSION PROPERTIES OF MAGNESIUM SURFACES

SOME PHYSICAL PROPERTIES OF MAGNESIUM

Important physical constants of the element magnesium in the present
conte•c are given in Table 1. With few exceptions, there is no appreciable
corrosion of magnesium near room temperature unless water is present. The
reaction in this case is often described by the equation: Mg + 2H 2 0 =
Mg (OH) 2 + H2 , In neutral and alkaline environmeats, the magnesium hydroxide
deposits as a film which, although uot as effective as the oxide layer formed on

aluminum, can ofter considerable protection to the metal.

ThE PROTECTIVE FILM

Electron diffraction studies have confirmed that magnesium and conventional
magnesium alloys, exposed to huu..d air, exhibit excellent stability with
oxidation rates of less than 100 A per year (<.0004 mils per year (mpy)),
previded no condensation occurs. If condensation is present, the Mg (OH) 2
film is rapidly destroyed. For example, a 400 A thick magnesium layer is
dissolved in less than a day. The normally amorphous film then contains
crystalline Mg (OH) 2 (Brucite). Likewise, tests show that pure magnesium
(99.5+% purity < 10 ppm Fe + Ni + Cu) immersed in distilled water, from which
acid atmospheric gases have been excluded, is also highly protected. However,
this good resistance to corrosion in water at room temperature decreases with
increasing temperature, corrosion becoming particularly severe above 100*C. For
example, a particular allcy (A231B) has a corrosion rate of 17 mpy at 100lC but
1200 mpy at 150*C. The Mg (OH) 2 crysialline (Brucite) film has a layer
lattice which uneergoes easy basal cleavage which is probably responsible for
the observed cracking and curling of the film of pure magnesium in distilled
water. The rLlatively high pH (10.4) of the Mg (OH) 2 film causes magnesium to
resist strong bases well. High purity magnesium is reported 2 to have a
corrosion rate of 10-2 - i0- mpy when e'xposed to 2N KOH solution at 25'C.

AA would be anticipated from the high pH of magnesium hydroxide, magnesium
is subject to dissolution by most acids. Indeed, even in dilute solutions of
strong and moderately weak acids, magnesium dissolves as rapidly as the acid can
diffuse to its surface. There are a few exceptions, such as hydrofluoric acid,
where an insoluble surface film of MgF 2 is formed which protects against further
attack. Also of significance in the corrosion of magnesium is the effect of acid
gases in the atmosphere. The atmosphere contains a substantially constant 300
ppm CO2 and normally I ppm of SO 2 , unles3 augumented to several ppm by the

5
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TABLE 1. SOME PHYSICAL CONSTANTS OF MAGNESIUM

Melting Point 650OC-

Boiling Point 11010C

Density 1.74 g/cc

Oxidation State 2+

Atomic Radius 1.60 A

Ionic Radius 0.65 A

Ionization Energy 176 Kcal/g-mole

Specific Heat 0.25'cal/g/IC

Thermal Conductance 0.38 cal/cm2/cm/lC/sec

Electrical Conductance 0.224 microhms- 1

Heat of Fusion 2.14 K-cal/g-atom

Heat oi Vaporization 32.517 K-cal/g-atomw

Crystal Structure Hexagonal Close Packed

6
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*l presence of combustion products. The dominant film anion after weathering is
SCO 3 2-found in th., )-m 3 Mg CO3 • Mg ;)H) 2 e 3 H2 0 (hvdromagnesite) or 3imilar

compound. In urbai, i.dustrial ocations Mg FP4 • 6 H. ) a~d Mg S03 0 6 H2 0
can predominate. The latter art highly •:lu•!, ani a:r. eily washed away,

reexposing the surface, The hydroxide and carbonate . •ed films noted above
lose their protective capability by conversion to the soluble crystalline
forms. Corrosion rates for pure magnesium samples varied from 1.2 to 12 mpy
when imnersed in distilled water in contact ,tn the atmospheric gases. The
rate was only 0.6 mpy when atmospheric gases were restricted. The above
discussion indicates the rather complex interaction of atmospheric gases,

. contact with water containing dissoled ions, and temperature on the corrosion
- rate of pure magnesium.

FLECTROCHEMICAL BASIS FOR MA(GNESIUM CORROSION

Most corrosion is generally accepted as electrochemical in origin and
magnesium is a relatively simple metal to describe from this perspective. In
accord with regular practice the two half cell reactions can be written:

Mg +'2 OH- ='Mg (OH) 2 + 2e 2 H20 + 2e-='2 OH- + H

- *In actual situations the magnesium electrode potential is much more positive
* (passive) than its thermodynamic potential would indicate because of the

insulating effect of the generated surface fi.lm. The most positive potentials
are observed in pure water and alkaline solutions containing subcritical amounts
"of certain anions. These potentials are usually near the hydrogen electrode

" reversible potential or readily ennobled thereto by application of a very small
anodic current. Only in environments of this type, and then only under good

" aeration, does oxygen reduction play a significant role in magnesium corrosion.
As the potential is lowered due to the presence of anions, oxygen reduction

-: becomes negligible relative tohydrogen evolution. The ability of an anion to
"reduce the magnesium potential appears to depend on the solubility of its
"magnesium salt. It has been suggested3 that anions are carried by electro-

* chemical 'transport to anodic sites on the metal surface, where they form the
magnesium salt which is acidic, to the hydroxide film and therefore damaging.
For example a low electrode potential and rapid uniform corrosion rate is
"observed with pure magnesium in 3M Mg C12, aupporting this model.

-Examples of these activating anions are: Cl-, Br', SO, 2 . and Cl 04.
* In the presence of salt solutions of these anions, magnesium (and itA alloys)

becomes severai tenths of a volt active to the hydrogen electrode potential.
Further, in such environments, magnesium shows great resistance to polarization
(anodic protection), even when large anodic current is applied. Therefore, all
that is necessary for rapid corrosion are sites for the easy discharge of
hydrogen. However, it should be pointed out that the hydroxide film itself is
not an effective site for hydrogen discharge, probably because of its p.oor

"A• electronic conduction. Effective sites are elements of low hydrogen overvoltage

|7
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such as iron, copper, oc nickel which may be present as alloy impurities, surface
contaminants from processing or from reduction of salts in the environment. The
elimination or control of these low overvoltage surfazes is an important aspect
of magnesium production and use. This subject is treated further below.

EFFECT OF ALLOYING ADDITIVES AND IMPURITIES ON CORROSION RESISTANCE OF MAGNESIUM

Efforts to improve seawater (and sea mist atmosphere) corrosion resistance
of pure magnesium have shown that its performance in this regard is not
significantly exceeded by any of its alloys. Rather extensive work has been
done in measuring the effects of various metal additions. 4 , 5 The principal
results of such alloying and impurities are summarized below.

Carefully distilled pure magnesium (> 99.99 percent), containing <10
ppm iron pius nickel plus copper, was subjected to alternate tmmersion tests in
3 percent sodium chloride solution at 20*C. A corrosion rate of about 12 mpy
was noted. Similar corrosion rates were found subsequently with even higher
purity fractionally sublimed magnesium (99.999 percent) containing, less than 5
ppm iron plus nickel plus copper.6 Results of this research also showed that
up to 5 percent Pb, Sn, or Al has little or no effect on the corrosion rate of
pure Mg. Na, Si, and Mn, likewise, showed no adverse effect even when present
in excess of their solid solubility limits. Subsequent measurements indicated

* that Th, Zr, Be, Ce, Pr, and Nd each showed no adverse effects.

The corrosion rate, however, was increased when Mg was alloyed with the
following elements in excess of the (tolerance) amounts shown: Zn (2 percent),
Ca (0.3 percent), Ag (0.5 percent), Cu (0.1 percent), Fe (0.015 percent), and Ni
(0.0005 percent). The increase in corrosion rate when the tolerance Limit was
exceeded was gradual with Zn; more rapid with Ca and Ag; and precipitous with
Cu, Fe, and Ni. Data on tolerance limits and corrosion rate dependency are
shown in Figure 3. The addition of I percent Mn increased the tolerance limit
for nickel to about 0.01 percent but had little effect on other tolerances. The
addition of 1 percent Zn did not appreciably affect the tol.erances for Fe, Cu,
and Ne, but made the corrosion rate dependency less severe when this was
exceeded. Probably the most important alloy of Mg is that with Al. Al
additions in the.2 to 10 percent (wt) range form useful alLoys and have no,
direct adverse-effect on corrosion properties, e.:cept for oweriag somewhat the
tolerance limit of Fe. Addition of 0.2 percent Ma, boweve:, stabilizes this
limit in the presence of 2 to 10 percent Al. Finally, the addition of I to 3
percent Zg to the Mg-Al-Mn alloys increases the tolerance imits for Fe, Ni, and
Cu. For these reason&, both Mn and Zn are added to mspt c amercial Mg-Al
alloys. Some alloys have been designed with all of the above considerations in
mind, subject to the conditions of'satisfactory-castabilit and mechanical
properties..

St- . . r-.* .*-,'' 4...,. -, .- r.-r. ..... 9 **. **. . 9.t* e , ...S,, •-r,
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"CHAPTER 3
-.%

"CORROSION OF MACNESIUM-BASED MATERIALS IN ION BEARING
ENVIRONMENTS

The corrosion of magnesium (alloys) depends upon several factors each of
which includes interaction with moisture. There are two main processes: (1)
conversion of the protective surface filmto soluble bicarbonates, sulfites, and
sulfates which are washed away by rain; and (2) stimulation of local cell action
by chloride ions (Chapter 2). Both types of atmospheric corrosion may be
expected to be operative to some degree at aerospate component surfaces if they
reside in a coastal- atmosphere prior to launch.

ATMOSPHERIC CORROSION IN THE ABSENCE OF CHLORIDE ANION

In areas far from the ocean, processes described by (1) above predominate.
In this case, atmospheric CO2 and SO2 chemically react with the protective

. surface film rendering it soluble. The film subsequently washes away, exposing
fresh surface to the gases. The corrosion resulting from this activity is
generally uniform and not too severe except underextreme atmospheric
-conditions. Coatings and surface treatments (Chapter 4) have been developed
which afford reasonable protection from this type of uniform corrosion.

.5

"GALVANIC CORROSION IN THE PRESENCE OF THE CHLORIDE (LECTROLYTE) ANION

Corrobion by mechanism (2) above will be'important in ocean proximity
-storage areas. Basic galvanic corrosion occurs when two dissimilar metals

- (alloys) are brought into contact in the presence of an electrolyte. For'our
purposes, this electrolyte is the seawate' or C1" bearing ocean atmosphere.
An electrolytic cell is formed. The more anodic metal of the couple suffers the
loss of some valence electrons.. It then forms a soluble chloride compound on
its surface in the'region of contact.

'Galvanic couples are often set up when two "incompatible" metals are fayed
- or bonded together in an assembly used in contact with an electrolyte solution.
. Magnesium and its alloys are particularly vulnerable in this regard as Table 2

-indicates. This shows the galvanic series of important metals and alloys in
seawater environment. Magnesium and its alloys head the list as the most
anodic. If, for example, magnesium is immersed in seawater (or sea mist

,*. atmosphere) 'in contact with iron or nickel, it will corrode rapidly at surfaces

1 0
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TABLE 2. GALVANIC SERIES IN SEAWATER

Cathodic.
"(Most Noble) Platinum

Gold
Graphite
Titanium
Silver
Zirconium
"..Type 316, 317 Stainless Steel (passive)
Type 304 Stainless Steel (passive)
Type 410 Stainless Steel (passive)
"Nickel (passive)
Silver Solder,
Cupro Nickels (70-30)
Bronzes

U Copper
Brasses
Nickel (active)
Naval Brass
Tin
"Lead
Type 316, 317 Stainless Steels (active)
Type 304 Stainless Steel (active)
Cast Iron
Steel or Iron
Aluminum 2024
"Cadmium
Aluminum (commerically pure)

Anodic Zinc
(Active) Magnesium and Magnesium Alloys

S(From "Z&rcadyneTm Corrosion Data" published by Teledyne
Wah Chang, Albany, OR, 97321)

•__ __ _ ax.% %¶ ''*; , % .
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adjacent to points of contact. Factors which moderate the impact of such
corrosion are its ease of prediction, location, and meaus of avoidance. Some of
these will be discussed in Chapter 4.

. ROLE OF IMPURITIES IN MAGNESIUM

The presence of certain impurities (discussed in Chapter 2) in magnesium
really constitutes a special case of galvanic corrosion by the mechanism of""*Local action." Here, the role of incompatible metal in contact is played by an
impurity site on the metal surface. Atoms of magnesium surrounding the site
lose electrons and form a salt compound. A region of enhanced corrosion
surrounding the impurity results. One such site will produce a pit shaped
corroqion region. The action of many impurity sites is to produce a corrosion
condition uniform in appearance but very severe.

COMPOSITES: GRAPHITE-MAGNESIUM

Magnesium metal-matri.c composites (MMC's) and, in particular, graphite
fiber-magnesium composites constitute a case for special consideration. This is
due primarily to their inherently large interfacial,area of dissimilar

"-' materials. Discontinuous composites contain short fiber reinforcement of random
orientation in the matrix. Continuous composites contain oriented long fiber
reinforcement extending oyer componentdimensions., Continuous MMC's have
undergone greater development and are most important at present.

SContinuous Gr/Mg composites generally consist of multi-filamented tows of a
* . graphite yarn, having excellent tensile strength and other properties, immersed

in parallel bundles into the magnesium metal matrix. In practice, the yarn is
often chemically pretreated with special coatings intended to minimize fiber
thermal degradation in fabrication, 'promote wetting, and impart beneficial

I g characteristics to ti- magnesium/fiber interface. Usually the pretreated yarn
* is coated in a magnesium melt to produce a composite wire. The wires are laid

out and hot pressed in a process called "consulid4tion." The volume percentage
• "of fiber reinforcement may be varied over a considerable range. To the extent

determined by the fiber and metal hosti standard metallurgical methods of
extrusion, rolling, etc., can be applied in forming the composite. Such
composites can be fabricated having the desirable properties for aerospace use.
noted in the introduction. The nature of the fiber-metal interfacial bond plays

* an important role, as does the transverse fiber strength, in determining the
, transverse properties of the composite. This strength, as determined by-a

rat-her small transverse modulus Et, is generally somewhat deficient. This is
a matter of some ,concern as MMC's are considered for space applications; it will
require oAditional research and novel approaches to solutiod.

Fi .-hows a graphite fiber/aluminum composite plate after a 6 month
atmospheric corrosion test. The plate was thoroughly painted and exposed about
1 meter from calm seawater. Sea spray contact, therefore, could be considered.
partial or occasional. the extent of corrosion is evident. The exposure
appears to'have caused delamination of the plate along the fiboer axes.

12

p4



NSWC TR 85-83

LI-

0-

LU

CaW

00

L -4

ato

00

130

Iu



NSWC TR 85-88

Crowe states in a recent report 7 on localized corrosion effects in
.. graphite/aluminum composites:

j "The general observations are that corrosion proceeds
preferentially at wire-foil, foil-foil, and wire-wire
interfaces causing separation and yielding A120 303H20
corrosion product. The degradation process, once initiated,
proceeds rapidly by exfoliation causing disintegration of the
composite. Disintegration may be Accelerated by corrosion

Sproduct wedging at the flaw. The normal corrosion reaction
in an open configuration yields, through a series of steps,
Al(OH.)3 corrosion product. The Al(OH) 3 when freshly
formed, is gelatinous but becowev a white gritty hydrated
Bayerite A120 3*3H 20 on aging. This corrosion product
is observed in copious quantities on exfoliated sheets.
A14C3 formed during consolidation at the graphite/
aluminum interface may also be important since the
A14 C3-H 20 reaction also produces AI(OH) 3. The
process is exacerbated by the low transverse strengths
(typically 20 MPa) in ti-ese materials."

SGodard, et al. 8 ccnclude:

"Although it is not'a metal, graphite (a form of carbon) is
electrically conducting, and tends to promote strong galvanic
corrosion of aluminum when placed in contact with it in the
"presence of moisture. In aggressive marine atmospheres, it
hasa stronger influence on aluminum than either copper or
steel. Graphite smears on an aluminum surface promote

. pitting of the aluminum in the presence of water."
F

Analogous test results on magnesium/graphite samples are not readily available.
"* Corrosion by the mechanism will be more severe since magnesium based materials

are relatively more anodic than aluminum (alloys) in the seawater environment.

The corrosion scenario in Gr/Mg composites may be as follows: Impinging
"salt bearing moisture corrodes the composite surface by mechanisms discussed
"above. When the moisture (electrolyte) reaches a fiber-matrix interface, it
promotes the formation of. g O3. or MgO and Mg cl '. The reactions proceed
rapidly along the interface, swelling the composite and allowing the electrolyte

Sto penetrate still deeper. The corrosion becomes catastrophic and the composite
* 'completely breaks down. Protection against this type of corrosion will present
. a serious challenge. Most common surface coatings do not have the intimate
*. adherence and mechanical durability required to completely prevent penetration
* of the reactive moisture. Effective corrosion inhioition might require

development of a new fiber surface treatment, to be applied before consolidation.

There is probably no insurmountable barrier, however, to adequate corrosion
protection of Gr/Mg composites. A tailored fiber and/or well chosen surface
treatment from the modern techniques available should provide satisfactory
corrosion resistance under anticipated exposure con4itions.

14
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CHAPTER 4

CORROSION PROTECTION TECHNIQUES

DISSIMILAR METALS

The problem of galvanic corrosion is reduced by generally avoiding

co-fabrication with an incompatible metal such as Fe, Cu, or Ni or to thoroughly
insulate points of contact. As this clearly is not always possible, other
measures must be takr7. Drain holes should be provided so that chloride
solution does not accumulate at the couple. The dissimilar metal junction
shLould be well sealed so that solution does not enter between the faying
surfaces. If this is done, the current in the electrolyte leg of the galvanic
circuit is forced to flow along a thin and thus highly resiotive film. In
practice this limits.the galvanic activity to small zones along the line of
junction between the two metals.

Various paint and surface treatments are effective in'reducing galvaiic
attack, 9 after the above steps have been taken. Generally paint systems which
perform well on zinc or aluminum are satisfactory for magnesium, particularly
when applied over a chemical or electrochemical prepaint surface treatment.
Since alkali (Mg (OH) 2 , etc.) forms on any point of damage to the painted
surface, a good organic coating must have high resistance to alkali. For this
reason, paints with vinyl or ether linkages (vinyl or epoxy paints) are
generally recommended in preference to those with ester groups (alkyds,
nitrocellulose). Prepaint chemical and electrochemical treatments retard this
alkaline surface condition, allowing most types of metal paints to be used. In
severe environments, where maximum corrosion resistance and freedom from peeling
i:. required, the paint should be an alkali resistant type. Inhibitive
pigmentaticn with slightly soluble chromate base can be used in the primer for
optimum corrosion resistance.

A primer or one coat finish can be applied by a process of electropainting
(electrophoretic deposition) from a water dispersed resin base paint. The paint
film is applied by making the component the anode in a tank containing diluted
water solubilized paint under dc potential. Electropainting provides the best
one coat protection since the process combines'the surface anodization/paint
application operations.

Another process used on magnesium (alloy) parts intended for dissimilar
metal assemblies is immersion in a stannate solution. This treatment provides
good.protection and paint base and'does not require electrical equipment. It

* retards galvanic corrosion in much the same manner as the galvanizing of steel..

15
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Aluminum is the important compatible metal with magnesium,. Aluminum and

magnesium are often dombined in structures in which strength and stiffness per
unit weight are important. Aluminum rivets are used in magnesium structures,
since magnesium itself is not well suited to this purpose due to its lack of
cold plasticity. While some aluminum alloys can cause significant galvanic
corrosion to magnesium alloys, the main principles governing the galvanic
compatibility of aluminum and magnesium allo s under exposure to chloride
solutions have been quite well established. 1 This. compatibility also might
allow fabrication of a magnesium rich Mg-Al alloy with strength, stiffness, and
corrosion characteristics adequate for use in aerospace components. This
possibility is discussed among the recommandations in Chapter 4.

PROTECTION OF COMMERCIAL MAGNESIUM ALLOYS FROM UNIFORM CORROSION

There are other effective protective coatings for magnesium alloys besides

those noted above. Magnesium can be electroplated by processes employing the
conventional plating sequence-of copper-nickel-chromium. This provides good
appearance, corrosion protection, and abrasion resistance. Various chromating
solutions have been develoiea tor Lirrosion protection.. The individual
preparation used depends largely upon requirements for appearance of finish,
abrasion protection, and shipment and storage. Each provides a good combination
of protective properties. 9 Special types of chromating treatments have been
developed. Perhaps the best of these films for superior scratch hardnras,
resistance to abrasion, and good resistance to corrosion is a chrome manganese
chromate film. Magnesium alloy castitigs have been successfully protected by a

chrome manganese bath operating at room temperature.11

Alternative modern methods of applying protective metallic coatings have

become available. One such method, magnetron sputtering from metal targets, has
been used to improve tribological and wear characteristics oJ. light non-ferrous

metal alloys.12 Various atmospheres are used to produce the desired metallic
compound films. A wide range of materials can be deposited without' the

limitations inherent in conversion coatings and anodization. Deposition of thin
coatings at room temperature (or below) preserve strength and fracture

properties and provide good friction and wear characteristics. Some of the

compounds which are able to be produced as very adherent films by sputtering
include: TiN, TiC, WC, HfN, ZnC, etc. Although the major thrust in the
application of such films has been in providing wear protection, various tests
also have indicated their potential for corrosion inhibition.

In concluding this discussion of surface treatments, we note the comment of
Hillis: 5

16
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"•'Magnesium's true salt water durability has not been realized
. . . the effects of heavy metal contaupination, when present,
are not easily overcome. That is, chemical treatments, even
chromate based, have little if any effect on samples with
sufficient contamination to produce corrosion rates in excess
of 200-300 mpy in salt spray. On the other hand, chromated
and cathodic epoxy coated test panels with low contaminant
levels . . . when scribed and placed in salt spray, have
passed 1000 hours of salt spray with only very minor
corrosion along the scribe. Therefore, whether untreated or
treated and painted, metal purity is of prime importance for
good salt water diurability."

CRAPHITE-MAGNESIUM COMPOSITES

Favorable physical parameters single out Gr/Mg as a material of choice for
satellite applications despite some deficiencies. However, the presence of
large area (treated) fiber/ etal interfaces can promote greatly accelerated
corrosion (Figure 4) compared with an ordinary magnesium sample of equal metal
purity.

The use of specially developed low impurity magnesium alloys 1 3 as matrix
metal in the composites could be recoimended. Such a base metal should provide
fewer corrosion sites along interfacial regions with which impinging ions from a
salt bearing environment can interact. This improved purity base metal coupled
with an effective fiber surface treatment could significantly enhance its
corrosion resistance.

Some caution is necessary conterning the compatibility of coatings with
space satellite components, however. Except for the special high quality
metallic films used on some surfeces for thermal control, coatings have
potential disadvantages. They add weight to the system, especially over large
area thin sections, and can affect dimensional tolerances. The coating must be
stable over gkin temperature changes encountered during operation. Coatings
must not be subject to outgassing. Should flaking or outgassing occur in
satellite operations, debris might accumulate on instrument windows and control
surfaces. This could affect sensitive caiibrations, jeopardizing the long term
accuracy of sensor performanie. The above coments are especially pertinent to
coatings applied on graphite-magnesium composite structures. Any failure by
undercutting, flaking, etc., of same in the prelaunch environment will increase
the potential for later problems. In any case, reliance solely on surface
coatings for protection may be inappropriate for satellite components.

17
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

In light of the foregoing discussion, the requirt.ments for new
magnesium based materials in satellite structural applications are quite
demanding. On the one hand, the magnesium based material must have markedly
superior performance characteristics to those materials currently in use, as
indicated in part by the comparisons of Figure 2. On the other hand, whatever
combination of alloying, reinforcing, coating, etc., is performed on the
material, both its physical properties and corrosion resistance in saline
atmosphere must be acceptable. The following recommendations can be made based
upon the considerations above.

PURE MAGNESIUM

Based upon the results of corrosion tests cited above, very pure magnesium
should be used as the base metal for alloying or reinforcing. This will ensure
the highest possible dtgree of uniform corrosion resistance of the starting
material. Special corrosion resistant magnesium alloys such as that reported in
Reference 13 should be tested in this capacity.

ALLOYING

Alloystiffening or precipitation hardening might be attempted using pure
magnesium as starting material. The idea here would be to alloy this with
relatively small percentages of another, lightweight, soluble metal with
appropriate heat treatment to improve strength and stiffness while maintaiaing
satisfactory corrosion resistance. An example of this process is provided by
entries of Figure 2. In the figure, aluminum has an E/p.(§pecific stiffness)
value of. about 100 x 10+6 and Beryllium of about 600 x 10 The optimum
alloy combination of the two has a' value of about 400 1 104. It follows the
"rule of mixtures" prediction of a linear combination of constituent properties
in the product all<oy. Unfortunately, many mecillurgical requirements must be
satisfied for success with a stiffened magnesium alloy. Good corrosion
resistance requires the proper microstructure in a precipitate hardened alloy.
Also, the alloy phase diagram must have a region of terminal solid solution
configured such that a significant precipitate of the alloying metal results at
room temperature. It might be possible to find an alloy of magnesium which is
solid solution hardened, but this generally requires avoiding intermetallic.'
compositions or mixed phases which are usually brittle. One would be restricted
to the metals of low density, good tensile strength,and r4ceotable corrosion
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properties, which have favorable phase diagram with magnesium. Obviously,
prodigious effort already has been expended in this pursuit. Three possible
alloys are Mg-Li, Mg-Be, and Mg-Si.

The magnesium-lithium system will definitely experience corrosion problems
althcugh alloya of low perceutage Li may prove more stable than graphite-
magnesium in saline atmosphere. Mg-Li alloys must be fabricated under
oxygen free conditions. Fabrication of M--Be involves exposure to Be toxicity.
However, the phase diagrams of both Mg-Be ani Mg-Si gi'ien in Figure 5 each show
the formation of a single intermetallic phase. This condition might lend itself
to a strengthening along the axis of directionally solidified magnesium rich
alloys by formation of elongated fiber like grains of the intermetallie phase.

A final possibility here is the alloying of magnesium with almninum.
Figure 6 shows the phase diagram of this system. The shape of the region of
terminal solid solution at the magnesium rich end admits the possibility of
precipitation hardening since much of the 10 to 12 percent aluminum soluble at
425%C will be driven out as the alloy is brought down to room temperature.
Magnesium alloys containing a few percent aluminum have Leen in successful use
for years. They show increased, corrosion resistance due to accumulation of
aluminum atoms in the weathered protective film. Ternary alloys containing both
lithium and aluminum could provide the increased stiffness desired and
sufficient corrosion resistance.

Any attempt to stren.-then magnesium by alloying must take into account, in
addition to metallurgical considerations, the atomic weight and mole fraction of
the alloying element. Even if stiffening occurs, too great an increase in
density of the alloy will cause no improvement in the value of E/P . All this
being said, the chances of pzoducing a high performance, magnesium based alloy
from the perspective of Figure 2 are probably not very good., However, this
recommendation has been made on the premise that achievement of significant
property improvements by simpler alloying techniques might obviate the need to
employ graphite fiber reinforcement in magnesium for some applications.

COATINGS

Coatings in general are quite effective when properly selected and applied
for the particular anticipated conditions on magnesium and its alloys. These
hbve been diocussed briefly above with inf6rmation in Reference 9 and related
ar:icles. Certainly the most effective of these should be tested on
magnesium-graphite composites. However, the nature of the corrosion failure of
this system indicates that applied external coatings probably will be only
moderately successful in seawater environments.

Sputtered coatings may be the exception. Some tests have shown the
effectiveness of sputtered coatings in corrosion protection of MMC's. This
technique was discussed briefly in Chapter 4. The' excellent bonding is produced
by a combination of vlctroh beam surface cleaning followed by coating with the

19
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sputtered metallic film. If the chamber atmosphere contains a gas such as
* nitrogen, "reactive" sputtering can take place and metallic nitride films can be

applied. In the fcw tests of sputtered films on MMC's, the coatings were not
sufficiently resistant to abrasion, but harder coatings could be developed using
this approach.

Another protection method is cladding by explosive bonding techniques with
a durable metal such as Titanium. While it will be feasible to protect and
stiffen some members by cladding, this is not a basic solution to the problem.
Cladding obviously has the disadvantages 'of adding weight and introduc' ig
complications and expense into fabrication. Metal foil bonding to tLz edge* of
Gr/Mg MMC's, however, might help prevent the rapid infiltration along fiber axes
observed in Figure 4.

SPECIAL METHODS

One technique involves formation of the. silicide Mg2 Si in the surface
layer and Mg-C interfaces. This can be accomplished under the proper conditions
"by diffusing silane SiH4 into the composite surface at elevated
temperature. 1 4 Catalytic surface treatment may be required prior to exposure
to the silane. The technique is apparently quite general and other group IliA
•tand IVA materials such as germanium, boron, and aluminum can be deposited. When
"the metal silicides are exposed to oxygen under the proper conditions, a thin
layer of silicon dioxide is formed on the surface. This layer of SiO2 is
"continuous and tightly bound to the metal, which it protects from oxidation. An

* alternative method of applying silicon based coatings is proposed in Reference
15. However, tha method may be subject to the limitations discussed above on
coatings.

Still another method produces the dielectric layer on the fiber surfaces
prior to fabrication of the composite. 1 6 The fibers are passed through
various organometallic solutions (alkoxides) and pyrolyzed or hydrolyzed to
yield the desired coating. Graphite fibers, coated by-this process with silicon

• •dioxide (Si0 2 ), are found'to have quite uniform adherent coatings. These
treated fibers are readily. wet by liquid magnesium. Examination of the
interfacial layer indicate the presence of magnesium silicate. The metal oxide
coatings form strong chemical bonds with both the graphite fibers and the metal

6" matrices. These form composites with relatively higher transverse'strength,
better corrosion resistance, and improved high temperature stability compared
with previously produced composites. The corrosion resistance attained using
this-method should 'be compared with that of previou~scomposites. The dielectric

' oxide (silicate) coating 'on, the graphite fibers may deny an electrical pathway
* along the interfaces to microscopic corrosion currents responsible for the

observed corrosion.

22
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The second technique involves ion implantation into the surface of the

fabricated composite. In this process, atoms of the element to be implanted are

produced from a source, ionized, and accelerated by a machine such as a Van de

Graaff generator. The ions impinge on the surface and embed themselves to
K distances up to 10,000 A or so, depending upon their energy. The implanted

ions subsequently form chemical compounds with metal (and perhaps fiber) atoms
in the surface region. In principle, almost any element can be ionized and

implanted. If, for example, nitrogen is implanted into a magnesium based

material, magnesium nitride (Mg 3 N2 ) will be formed in the surface layer.
If silicon is used, magnesium silicide (Mg 2 Si) will be formed with silicon

carbide (SiC). These ions occupy bonding sites and form surface layer compounds

sufficient to retard or block subsequent oxidation. The extent of protection
will need to be verified experimentally. There have been recent extensions to

this technique to include acceleration of ionized monomer gases and collisional
implantation.

1 7

These special methods have the advantage of not adding an external coating
to the component. Problems of added weight and potential coating debria are

"" ~avoided.

COMPOSITE SUBSTITUTES

Fiber electrical conductivity is an important link in the mechanism of

severe corrosion observed in graphite fiber MMC's. Attempts should be made,
therefore, to find a nonconducting substitute for graphite reinforcement. There

is sound evidence that use of nonconducting reinforcements improves composite

corrosion resistance. 1 8 Comparison corrosion tests on magnesium based
composites using nonmetallic reinforcements should be carried out to establish a
baseline in this area. Two possible materials fitting this description are
fiber (FP) alumina (Al 2 03) and silicon carbide (SiC). In fact, a
reexamination of Figure 2 shows that both-fiber FP and silicon carbide do

improve the specific stiffness of pure aluminum. However, gaining significant
improvements in specific st'iffness of magnesium composites using these fibers
will be more difficult. Alumina fiber (3.9 g/cc) and silicon carbide whiskers
(3.22 g/cc) are probably too heavy for reitiforcement of magnesi based

satellite components. Likewise, their moduli and tensile strengths are lower
than those of high grade graphite fibers. Of equal importance, A1 2 0 3 or SiC
reinforcements do not yield the substantial reduction in CTE recuired in these
applications.

In other applications, however, the picture is brighter fo alternative
fiber reinforcement. Encouraging results are reported (Reference 17) on a

. critical helicopter transmission component cast of an alumina (IP)/Mg

composite. Suggestions are made regarding other stiffness-critical applications
in aircraft engines, missile components, power transmission housings, and
rotating shafts. This technology appears to be fairly mature. Figure 7
indicates some important tensile properties of an alumina (FP)/ g composite.
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Substantial efforts are underway to produce economical high strength
ceramic fibers. Pyrolysis of fibers made from a melt drawing process converts
them to high str ngth silicon carbide/silicon nitride. 1 9 The resulting fibersI have potential as reinforcements in MMC's as well as in ceramic matrix
composites. Graphite tends to form the undesirable product magnesium carbide
during fabrication unless protected. The new ceramic fibers have the double

• •advantage of thermal stability and an electrical conductivity 10-6 that of
"graphite. These ceramic fiber properties should be favorable for successful

-" "composites with magnesium.

SiC/SiN fibers have reasonably good mechanical properties. Their tensile
* modulus of 29 x 106 psi is somewhat below the 34-30 x 106 psi of general

purpose graphite fibers. Their tensile s'trength was reported at 105,000 psi for
early fibers made by simple techniques. Process refinements are underway.
Higher strength levels may be anticipated, though probably not the 200,000 psi
of the latest grahite fibers. Vapor deposited SiC filaments of larger diameter
(5 mils) measure 60 x 106 psi flex modulus with tensile strengths up to
450,000 psi. All this research activity demonstrates how rapidly fiber
technology is advancing. It may be possible in the near future to produce
corrosion resistant Mg based composites employing high performance ceramic
fibers. Such composites could find early application in space structures where

i stiffness, not necessarily strength, may be of prime importance.

* " INERT ATMOSPHERE STORAGE

Failing other protective methods, the possibility of inert atmosphere
3 storage remains for Gr/Mg composite satellite components. Such protective

systems are often used on electrical systems, rare documents,, etc., to forestall
oxidation. A protective atmosphere of dry nitrogen would be maintained on the

• .composite subsystems and ultimately the entire space structure until shortly
before launch. Obviously, access to the structure(s) would need to be
maintained for the installation and testing of instruments.

"In practice, the protection could be accomplished by enclosing the entire
assembly in a polymer bag made of material such as hypalon. This polymer, for
"example, is tough, impermeable, and is stable in the environment over many
years. Resealable openings for accessing instruments could be provided. Dry
nitrogen gas would be allowed to fill the bag, displacing the air and moisture.
A s.ight nitrogen overpressure would maintain an essentially oxygen free
"condition within.the bag. Water vapor sensors attached at various points could
be set to warn of system malfunction. The bag assembly would be removed prior

' * to launch.. This protective system would be effective, conceptually simple, and
* probably not prohibitively costly., It would'eliminate worries about flaws or

instability of a coating or added weight to the structure. Obviously, this
approach is feasible only for space bound comoonents.
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SUMMARY

In summary, designing magnesium based -omponents for corrosion resistance
requires a rather detailed knowledge of the intended service conditions.
Failure to take these fully into account in a corrosion protection, program has

-prompted comments such as follows:

"Magnesium, like other metals, is subject to corrosion under
certain conditions. However, despite magnesium's good
corrosion resistance, the metal suffers from a reputation as
an easily corroded material." 2 0

Thus maximum corrosion resistance of magnesium based structures will be
obtained by:

1. limiting corrosion producing impurities (i.e., principally Fe, Nij
and Cu) to low levels,

2. eliminating contamination by traces of salt based fluxes in casting
operations,

3. using appropriate combination of mechanical, chemical,
electrochemical, and film coating techniques,

4. taking proper precautions against entrained salt bearing fluids and
galvanic coupling with incompatible metals. such as Fe or Ni, and

j 5. application of modern surface modification techniques.

Gr/Mg composites have unique properties for certain satellite applications,
* despite some shortcomings. Methods in category 5 or isolation storage likely

will be necessary for prelaunch corrosion protection. Successful magnesium
based MMC's for many applications almost certainly will be fabricated usingj other fiber reinforcements. These might include l'ber alumina, newly developed

Shigh strength SiC fibers, improved Sialon fibers, or compound SiC/SiN
. fibers. Although the proper combination of materials and chemistry has not yet

"been found for a widely useful, moderately priced magnesium based MMC, prospects
for its near term development appear good. Indeed, expanded overall usage of
magnesium based materials in marine, airborne, and' space bound systems seemw
inevitable.

2
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